Gap fraction is a biophysical variable related to energy balance, forest fauna, micro-climate and regeneration, and is an important indicator of forest management quality. The objective of this study was to compare gap fraction estimates from undisturbed forests and different environments or strata of selectively logged areas. Moreover, gap fraction measurements were collected with two distinct instruments (optical canopy analyzer LAI-2000 and hemispherical photographs). Field data were collected from two sustainable forest management sites at Jamari National Forest, Rondônia State, Brazilian Amazon. Our results indicated significant differences between data acquired using these two instruments. For instance, the LAI-2000 data showed greater variation for each environment compared to hemispherical photographics data, and the data were also more sensitive to the increase in gap fraction. Small variations were found in the gap fraction means for the two study areas, and only data for the undisturbed area were significantly different. A gradient of increasing gap fraction that ranged from primary forests to log decks was observed. Furthermore, a multiple linear regression analysis determined the contribution of the selectively logged environments to decreased forest cover, confirming the observed gradient.
richness of woody lianas and epiphytes. The understory is predominantly composed of seedlings and saplings from species of taller trees.
In 2008 an area of 96,000 ha at JNF was allocated for forest concession, and it was parceled into three management units, which constituted the first area under this type of allowance in Brazil.
Our study sites were the first Annual Forest Production Plots Units (AFPP) of Forest Management Units (FMU) 1 and 2 of JNF (see yellow outlined polygons in Figure 1 ). The areas in the FMU 1 and FMU 2 covers 594 ha and 1068 ha, respectively. The average logging intensities were 14.8 m 3 •ha −1 and 9.6 m 3 •ha −1 , respectively.
Fieldwork
Fieldwork was conducted in October 3-15, 2011 and involved the gap fraction acquisition data in different forest environments caused by logging activities, including forest gaps from felled trees, skid trails, log decks, and primary and secondary roads. Similarly, gap fraction data were acquired within undisturbed forests that were used as control areas. Studies that applied similar approach to collect gap fraction data include [4] [21] [22] .
The sampling scheme designed for the fieldwork (acquisition of gap fraction data) in the different selective logging environments included the following steps: 1) All log decks in the two study areas were measured; 2) All patches of primary and secondary roads in each AFPP were measured, in one randomly selected 100 m or two 50 m transects. Measurements were taken at each 10 m-interval; 3) Skid trails were measured within 50 m transects, and where selected to avoid tree gaps and log decks. The number of trails patches measured equaled the number of road patches in each study area; 4) For measurements of tree fall gaps, trees were randomly selected in the field, in the same amount as the road patches. Transects began at the tree stump, and continued for 50 m in the direction of the tree fall. Measurements were taken at each 10 m-interval; 5) Within undisturbed areas, one 1000 m or two 500 m transects were sampled and measurements were taken at each 20 m intervals. Areas to be harvested in subsequent years were considered undisturbed areas. 
Instruments Used in Fieldwork
In the field, two distinct devices were used to collect light levels below the canopy. The first one was the LAI-2000 plant canopy analyzer, and the second utilized a fisheye lens attached to a digital camera.
The LAI-2000 device uses a nondestructive method to calculate the LAI and other structural attributes of various types of vegetation cover. The radiation measurements are performed by an optical fisheye sensor with a 148˚ field of view. The light interception by the forest cover is estimated by measurements below the canopy that were taken at in five different angles (Figure 2) .
The optical sensor detector is characterized by five silicon detectors arranged in concentric rings, which calculates the intercept of blue light in the spectral range of 320 -490 nm. Thus, when radiation is projected onto the detectors, each is sensitized at a different angle. The filter causes the foliage to look "black" against the lighter sky. The output of each detector ring is proportional to the fraction of the sky-illuminated ring (or residual scattered radiation) [23] .
The LAI-2000 unit is equipped with two sensors, which were arranged in the field as follows: one was kept in an open area under ambient lighting conditions and took measurements of diffuse lighting every 15 seconds, while the other sensor was carried inside the forest, and measurements were taken at each point, as described in Section 2.2.
In addition to the measurements taken with the LAI-2000 sensor, at each field point it was also acquired a hemispherical photo with a 3.2 megapixel camera coupled with a fisheye lens and a vertical-horizontal leveler.
Measurements were taken simultaneously with both instruments under favorable weather conditions (no rain) and during the daytime to avoid incidence of direct solar radiation (from 6:30 to 8:30 am and 3:30 to 5:00 pm). All sampling points were georeferenced with a navigation GPS receiver.
Processing of Field Data
Data collected with the LAI-2000 instrument were stored in the memory of the devices. The data were subsequently processed with the FV-2000 software, which combines the tables from the two sensors and generates the percentage of canopy cover, among other biophysical parameters. Data from the outermost ring (61˚ -74˚), were excluded from the analyses in order to avoid forest edges in the clearings during open sky calibration measurements, as recommended by LICOR protocol [23] .
Measurements of gap fraction for each collected hemispheric photo were calculated using Gap Light Analyzer (GLA) software [24] , which provides a semi-automatic technique for calculation, because each photo requires a threshold for the determination of canopy openness that is empirically defined by the interpreter. In general, we used the standard threshold applied by GLA (128), but in some photos, the threshold was adjusted based on sun exposure. After this step, a binary image was generated for each photo, and percentages of canopy cover were computed from these images (Figure 3) . Table 1 describes the amount of valid points acquired in each strata in the two study areas. Only points with valid measures in both instruments after field data processing were considered. For illustrating purposes, Figure  4 shows an example of both a hemispherical and a ground photo of each selective logging environment.
Data Analysis
The Pearson correlation coefficient was used to determine the degree of correlation between the data collected with both devices from the different logging environments. The Student's t test (α = 0.05) was applied to determine if the mean gap fraction values in the logged areas environments were significantly different from the mean values found in undisturbed forest areas. The t-test (α = 0.05) was also used to determine if there was a significant difference between gap fractions of different environments from the two study areas. Finally, multiple linear regression techniques were applied to determine the contribution of each logging environment to forest cover. The proportion of forest cover adopted in this study was defined as the reverse of gap fraction or canopy opening (calculated as 100%-percentage of gap fraction at each point). Total forest cover was considered a dependent variable and the forest cover in each of the five logged area environments were considered as independent variables. The multiple linear regression (α = 0.05) model for the tested dependent variable was defined as:
where DV is the dependent variable (forest cover), β0 is the constant or intercept of the Y axis, β1 is the coefficient associated with the independent variable X1 (log decks), β2 is the coefficient associated with the independent variable X2 (primary roads), β3 is the coefficient associated with the independent variable X3 (roads secondary), β4 is the coefficient associated with the independent variable X4 (tree fall gaps) and β5 is the coefficient associated with the independent variable X5 (skid trails). The variable μ is the associated error, which includes factors other than the independent variables considered in this model. Table 2 shows the null hypothesis defined for each independent variable that were considered in the regression model.
Results and Discussions
Gap fraction data retrieved from both methods produced information that was quite distinct. The mean and standard deviation values of gap fraction for each environment are shown in Figure 5 . The largest relative difference occurred in the undisturbed forest class, and the LAI-2000 percentage cover of 3.5% was comparable to that found by [4] . However, the hemispherical photographs rate of 10.6% was similar to that reported by [25] for a dense forest in the Amazon biome.
For measurements collected in the logged areas, LAI-2000 showed higher means than the hemispherical photographs. Furthermore, as the gap fraction of the strata increases, the difference between the two methods becomes larger. These results suggest that LAI-2000 data are more prone to overestimations of gap fraction in those situations. Garrigues et al. [17] found that the sensitivity of the hemispherical photography method to illumination conditions is low (14% compared to 28% of LAI-2000), and also reported that LAI-2000 gap fraction measurements for crop canopies are more variable than those obtained with the photos. Table 3 presents the Pearson correlation coefficients between the measurements obtained with both instruments for each analyzed environment. The undisturbed forest class has the lowest correlation between the measurements. The large number of contact points between sky and canopy vegetation present in this environment may explain this difference because this aspect is handled differently by the two data processing: the LAI-2000 assumes that the foliage is a black body that absorbs all received light. However, the vegetation pixels in the hemispherical photos that are located at the borders of gaps are very bright and during processing can be classified as sky pixels, especially in pictures with high sun exposure.
Among the logged area environments, data obtained at tree fall gaps showed more consistency between the two methods, and those obtained in skid trails showed the lowest correlation. Importantly, despite having the lowest correlation coefficient, skid trails exhibited the lowest mean difference between the two instruments (Table 3).
Regarding the comparison between different strata and between the two areas under forest concession (AFPP 1 of FMU 1 and 2), only measurements with hemispherical photographs were used, because they were found to be more consistent (lower standard deviation and lower sensitivity to increased light penetration in the canopy). Gap fraction mean and standard deviation of the six analyzed environments that were computed using both methods. Furthermore, visual inspection of photographs suggests that the results generated by this instrument are more consistent (Figure 6) . The results illustrated in Figure 7 reveal that there was little variation in gap fraction between the two study sites. Only the undisturbed forest class showed a significant difference between treatments (calculated t = 4.9683, critical t = 1.6540). Regarding the strata of the logged areas, only primary roads showed a difference of more than 1%, but this was not statistically significant (calculated t = −1.5014, critical t = 1.6540). These results suggest that there was no significant difference in the impact on the forest canopy caused by the two companies holding the forest concession contract. However, our results indicate that sustainable forest management executed by the company holding FMU 1 is more efficient, given that it produced a greater logging volume with a similar impact on the forest.
Sustainable forest management causes different levels of canopy openness in the strata. For instance, there are those that require the total removal of vegetation cover and soil exposure, such as log decks and primary roads, (the main evidence of detectable using selective logging detectable in medium spatial resolution satellite imagery). However, there are still those strata that cause fewer disturbances in the canopy, with most of the impact occurring at the ground and understory levels, including secondary roads and skid trails. Tree fall gaps usually leave non photosynthetic dry vegetation on the ground along with moderate canopy openness, and after a given period, the forest canopy returns to its original state. The results presented in Figure 6 show that the skid trail was the strata that caused the least amount of canopy opening, with a maximum variation of 2.5% compared to the undisturbed forests. When a skid trail is opened, large trees that could cause large gaps in the canopy are not felled, and only trails that are 3 -4 m wide are opened on the ground to allow the transit of skidder machinery.
Secondary roads and tree fall gaps have an equivalent percentage of gap fraction, that is 3% -4% higher than undisturbed forests, because the opening of these strata may fell down larger trees. In the case of roads, opening may even bare portions of soil, but they are only designed for short periods of traffic during logging operations in that area. A forest canopy starts to close in less than a year.
Primary roads increased canopy openness by about 10% compared to undisturbed areas. These features undergo permanent traffic, which requires an approximately 6 m wide roadbed opening plus 2 m on each side, as well as periodic maintenance to prevent forest regeneration and erosion. In general, sectors other than the forest concession also use these roads, which are distinguishable even when using medium spatial resolution satellite imagery.
Finally, the highest percentage of gap fraction occurs in the log decks, and the means are about 15% higher than that of undisturbed forests. These elements of the logged forests have an area of 500 m 2 , and they exhibit higher canopy opening detectable in the hemispheric photo because of their circular shape. For example, the secondary roads are linear structures, and although they represent a larger area in the AFPP, they exhibit lower gap fraction at a specific point.
The existing gradient between the strata of the logged areas was also substantiated after the application of multiple linear regression analysis using the estimated forest cover from hemispherical photographs as the dependent variable. Table 4 presents the coefficient of determination and standard errors relative to the model, and Table 5 shows the adjusted coefficients for each independent variable.
Once forest cover is presented as a percentage, the coefficients of the variables are quite explicit, translating their negative contribution to forest cover when compared to an undisturbed forest cover, described by the constant of the model.
The estimated coefficients for each stratum were as follows: −13.95 for log decks; −10.76 for primary roads; −3.40 for secondary roads; −3.78 for tree fall gaps and −1.48 for skid trails. All coefficients were significant at a confidence level of 95%. Thus, we can reject the null hypothesis for all strata, and can assume that all strata influence the estimated forest cover at the ground level. The adjusted model coefficient of determination was 0.65, and the standard error of the estimate was approximately 3.7%. An analysis of residual dispersion (Figure 8(a) ) shows that the model tends to overestimate the observed data, with higher amounts of positive than negative residuals. Those strata with a higher gap fraction (log decks and primary roads) accounted for most of the variation of residuals in the multiple regression analysis (Figure 8(b) ).
To estimate forest cover, the model only accounted for those factors related to forest management. However, natural factors may also affect gap fraction in the canopy, including natural gaps and different forest types. Therefore, these other factors may account for the variation not explained by the model.
Conclusions and Final Remarks
This study investigated quantitative gap fraction estimates retrieved using different methods in selectively logged forests environments and their contribution to forest cover. The results indicate that there is a gradual increase in gap fraction relative to undisturbed forests, in the following order: skid trail, secondary roads, tree fall gaps, primary roads and log decks.
Additional studies should be conducted to aid the understanding of results obtained from these collection methods. Differences in instrument footprint, zenith angle spatial resolution (coarser for LAI-2000 than hemispherical imagery), and azimuthal range lead to the varied spatial sampling of transmittance by each instrument, which results in different estimates of gap fraction values over heterogeneous canopies. In this study, data produced with hemispherical photography were statistically more consistent, although processing has taken longer.
The understanding of canopy damage caused by forest management is also important for the interpretation Table 4 . Statistics for the adjusted model. and detection of selective logging using remote sensing products [21] , especially in the Amazon region, which covers extensive, remote and often inaccessible areas. This research was executed to support the validation of analysis conducted using remotely sensed data at JNF. The approach proposed in this study is useful for the performance evaluation of the sustainable forest management plans, while also providing a quantitative track of logging impacts on the vegetation canopy in forest concession sites. Monitoring sustainable logging is crucial for ensuring the success of this activity, which will ultimately add efforts to mitigate climate change by improving the role of conservation, sustainable management of forests and enhancement of forest carbon stocks in REDD+ programs.
